Grapefruit is the fourth economically most important citrus fruit in the world. In this research Inter-Simple Sequence Repeat (ISSR) markers were used to distinguish twenty-nine grapefruit (citrus paradisi Macf.), five pummelo (citrus maxima (Burm.) Merr.) and one citrus hassaku Hort. Ex Tanaka accessions. Twelve ISSR primers produced a total of 100 fragments and 62 of them were polymorphic. The number of average polymorphic fragments per primer was 5.2. The mean polymorphism information content (PIC) was 0.37. The unweighted pair group method arithmetic average (UPGMA) analysis demonstrated that the accessions had a similarity range from 0.79 to 1.00. The accessions were separated into two main clusters; group A with five pummelos and group B with grapefruits. In the pummelo cluster, all pummelos were distinguished whereas in the grapefruit cluster some accessions were not clearly separated. There was a low level of variation in the grapefruits due to their mutation origin.
Distinguishing Grapefruit and Pummelo Accessions using ISSR Markers
Because of sexual compatibility between citrus and related genera coupled with the high frequency of bud mutations, long history of cultivation and wide dispersion, taxonomy and phylogeny of citrus are very complicated, controversial and complex (Nicolosi et al. 2000) . Many of citrus cultivars are very closely related, apparently having diverged by mutations that alter specific horticultural traits. These mutations can be maintained because the citrus is usually propagated vegetatively by grafting the scion cultivar onto a rootstock. In addition, many citrus cultivars produce apomictic seedlings through nucellar embryony, and nucellar seedlings that differ in horticultural traits or lack pathogens present in their parent have often been selected, being named as cultivars. Thus, using morphological traits, it can be difficult to distinguish between many citrus cultivars such as grapefruits (Fang & Roose 1997 ).
The grapefruit (citrus paradisi Macf.) was notified as a natural hybrid between pummelo (citrus maxima (Burm.) Merr.) and sweet orange (c. sinensis L. Osb). It originates from Barbados in the Caribbean islands and was first named as citrus paradisi Macf. by James Macfedyan in 1837 (Scora et al. 1982; Scora 1988) . Grapefruits are highly polyembryonic, therefore they are of nucellar origin. Genetic variation among common grapefruit cultivars was reported to be very low due to their nucellar origin (Fang & Roose 1997; CorazzaNunes et al. 2002) . After having been introduced into Florida, grapefruit became an economically important citrus species and to date many grapefruit cultivars arose as mutations (Hodgson 1967; Moore 2001) . The United States is the major producer country of grapefruits in the world.
The pummelo is native to tropical and subtropical regions in Asia and has been cultivated in China for over 2000 years (Corazza-Nunes et al. 2002; Yong et al. 2006) . Barrett and Rhodes (1976) reported that pummelo was one of the three true citrus species and most of subsequent studies were in agreement with this statement (Federici et al. 1998; Nicolosi et al. 2000; Barkley et al. 2006; Uzun et al. 2009a) . Pummelo has played an important role as a parent of many citrus fruits, such as lemons, oranges and grapefruits. Molecular studies on pummelo genetic diversity are scarce. Randomly amplified polymorphic DNA (RAPD) (Corazza-Nunes et al. 2002) and simple sequence repeats (SSR) (Yong et al. 2006 ) markers have been used to determine pummelo genetic diversity. They demonstrated a considerable variation probably due to their zygotic origin.
Inter-Simple Sequence Repeat (ISSR) markers involve the amplification of DNA segments between two identical microsatellite repeat regions. ISSRs have high reproducibility possibly due to the use of longer primers (16-25-mers) as compared to RAPD primers (10-mers), which permits the subsequent use of high annealing temperature (45-60°C) leading to higher stringency. This technique overcomes most limitations such as low reproducibility and high cost (Zietkiewicz et al. 1994; Pradeep Reddy et al. 2002) . It is widely used by the research community in various fields of plant science such as breeding, germplasm conservation and genetic mapping (Pradeep Reddy et al. 2002) . ISSRs have been used to determine genetic diversity, characterization, phylogenetic relationships among the citrus and related genera (Gulsen & Roose 2001; Shahsavar et al. 2007; Uzun et al. 2009b; Marak & Laskar 2010) .
Genetic diversity of several citrus species has been well evaluated, particularly of mandarins, but species with non-hybrid origin such as sweet oranges and grapefruits and with hybrid origin such as pummelos lag behind (Corazza- Nunes et al. 2002) . The objective of this study was to estimate genetic polymorphism and relationships among grapefruit and pummelo accessions based on ISSR markers.
MATERIALS AND METHODS

Plant materials
Twenty-nine grapefruit, five pummelo and one citrus hassaku accessions were used for this study (Table 1) . Leaf samples of all accessions were obtained from the Tuzcu Citrus Collection, University of Cukurova, Adana, Turkey. 
DNA extraction and ISSR analysis
Genomic DNA was extracted from young leaves by the CTAB method as described by Doyle and Doyle (1990) . DNA concentration was measured with a microplate spectrophotometer (BioTek Instruments, Inc., Vinooski, USA), and 10 ng/μl DNA templates were made using TE (10mM Tris-HCl, 0.1mM EDTA, pH 8.0). A total of 12 ISSR primers previously evaluated by Fang and Roose (1997) and Gulsen et al. (2010) were used for all clones (Table 2) . PCR reaction components and PCR cycling parameters were performed as described by Uzun et al. (2009b) . PCR products were separated on 2% agarose gel in 1× TBE buffer (89mM Tris, 89mM Boric acid, 2mM EDTA) at 115 V for 2.5-3 h. The fragment patterns were photographed under UV light for further analysis. A 100 bp standard DNA ladder (GeneRuler, Fermentas) was used for ISSR analysis as the molecular standard in order to confirm the appropriate markers.
Data analysis
Each band was scored as present (1) or absent (0) and data were analyzed with the Numerical Taxonomy Multivariate Analysis System (NTSYS-pc version 2.1) software package (Rohlf 2000) . A similarity matrix was constructed based on Dice's coefficient (Dice 1945 ) which considers only one to one matches between two taxa for similarity. The similarity matrix was used to construct a dendrogram using the unweighted pair group method arithmetic average (UPGMA) to determine genetic relationships among the germplasm studied. The representativeness of dendrograms was evaluated by estimating cophenetic correlation for the dendrogram and comparing it with the similarity matrix, using Mantel's matrix correspondence test (Mantel 1967) . The result of this test is a cophenetic correlation coefficient, r, indicating how well the dendrogram represents similarity data. Polymorphism information content (PIC) values were calculated according to Smith et al. (1997) , using the algorithm for all primer combinations as follows:
where: f i 2 -frequency of the i th allele
PIC provides an estimate of the discriminatory power of a locus by taking into account not only the number of alleles that are expressed but also (Smith et al. 1997) . PIC values range from 0 (monomorphic) to 1 (very highly discriminative, with many alleles in equal frequencies). The principal components analysis (PCA) of the original binary data matrix was also performed using NTSYS-pc version 2.1.
RESULTS AND DISCUSSION
ISSR amplification
A total of 12 ISSR primers were screened and a total of 100 bands with high intensity were scored. The number of bands scored per primer combination ranged from 4 (HVH(CA) 7 T) to 14 (GA) 8 YG), with a mean of 8.3. The polymorphic fragment number varied between 2 (HVH(CA) 7 T;(CAC) 6 ) and 9 (GA) 8 YG), with a mean of 5.2, 62 in total. Corazza- Nunes et al. (2002) obtained 4.6 polymorphic fragments per primer for grapefruit and pummelos according to their RAPD data. On the other hand, they found lover polymorphism (49%) than was found in our study. The PIC values for the 12 primers ranged from 0.06 (CAC) 6 to 0.53 (TAA) 8 , with an average of 0.37 in our study ( Table 2 ).
Analysis of genetic relationships
A similarity matrix was calculated using ISSR data according to Dice's coefficient (Dice 1945) . Similarity dendrogram was constructed using the UPGMA cluster analysis (Figure 1 ). Cophenetic correlation between ultrametric similarities of tree and similarity matrix was found to be high Zealand it is a summer-maturing variety. While the fruit is grapefruit-like in most respects, the monoembryonic nature of seeds and some of the other characters suggest that it is probably a pummelo hybrid (Hodgson 1967) . citrus hassaku and Cocktail nested in the same subcluster and were separated from the other grapefruits at the similarity level of 0.87. c. hassaku was reported as an independent species (citrus hassaku Hort. Ex Tanaka) and originated as a chance seedling in Japan and its characteristics strongly suggest the pummelo-mandarin parentage with pummelo predominant (Hodgson 1967) . At the same time Kahn et al. (2001) reported that c. hassaku was a pummelo hybrid. In the dendrogram this species was distinguished from pummelos and grapefruits. It is assumed that Cocktail is a hybrid between Frua mandarin and low acidity pummelo (Kahn et al. 2001) . According to our ISSR data Cocktail is different from the other grapefruits, and was probably derived as a hybrid of pummelo. On the other hand, Sweetie was found to be distinct from the true grapefruits. Sweetie was reported as a synonym of Oroblanco (Cottin 2002) . Concordantly with this report Sweetie was clustered as closely related with Oroblanco in our study. The rest of grapefruits were divided into two subgroups at a similarity level of ~0.91. The first subgroup (S1) included Oroblanco, Redblush, Foster 28-16, Little River, SRA 640 Grapefruit and McCarty. In this subgroup, Oroblanco was the most distinct accession. On the other hand, Oroblanco was clustered with grapefruits in a previous study (Yong et al. 2006) . This accession was reported as a hybrid between acidless pummelo and grapefruit (Kahn et al. 2001) . The rest of 20 grapefruits nested in the other subgroup (S2). In this subgroup the similarity value varied between 0.98 and 1.00. Two Henderson, Frost Marsh, Duncan, Ruby SRA 286 and Shambar grapefruits were genetically identical. On the other hand, Pernambuco, Rio Red and Ruby SRA 286 showed complete genetic similarity. Based on our results it can be concluded that mutations play an important role in the origin of grapefruits. Cultivars with distinct morphological characters (pigmented or yellow flesh colour, seedy and seedless fruits) such as Henderson, Ruby, Duncan showed complete genetic similarity. This result supports previous research (Corazza -Nunes et al. 2002) .
The principal components analysis (PCA) was performed for better visualisation of relations among the accessions studied. The classical principal components analysis (PCA) is likely an example of dimensionality reduction. Therefore it is important that the required information is strongly related to the variance in the data (Scholz & Selbig 2006) . The PCA revealed some aspects of interrelations among the studied materials that were not discernable by the cluster analysis (Marak & Laskar 2010) . The results of PCA are demonstrated in Figure 2 . PCA-1 and PCA-2 represented 89.9% and 3.5% of the variation in the binary data matrix, respectively. It implies that 93.4% of the total variation in the original dimensions could be represented by just two dimensions defined by the first two PCs. Two-dimensional dispersion showed that five pummelos were distinguished and nested clearly apart from grapefruits. Accessions that are of hybrid origin such as Whenny, Cocktail, Oroblanco, Sweetie, and c. hassaku were between pummelos and grapefruits on the dispersion graphic. Most grapefruits constituted an intensive group due to their low genetic variation concordantly with the dendrogram. Yong et al. (2006) concluded that pummelos were monoembryonic and that there was a high level of polymorphism in the pummelos. All pummelos used in this study were clearly separated and they might be of zygotic origin. The low level of polymorphism found in most grapefruits in our study was reported previously in various studies. Barrett and Rhodes (1976) speculated that within the group variation in orange, lemon, grapefruit and sour orange originated from a single tree. Fang and Roose (1997) found a very low polymorphism in grapefruits based on ISSR data and stated that all grapefruits were derived from the same ancestral tree by mutation. There was no variation in grapefruits in previous studies based on isozyme (Roose 1988) and SSR (Luro et al. 2000) data. In a study of 23 grapefruits Corazza- Nunes et al. (2002) detected a similarity level ranging from 0.98 to 1.00, agreeing with our results.
Grapefruits, despite considerable variation in morphological characters such as rind and flesh colour or fruit size, were genetically nearly identical. Contrasting with this diversity of agronomic traits, very low genetic variability was also found in cultivated citrus by use of molecular markers (Breto et al. 2001) . Luro et al. (2000) reported that the microsatellites could not distinguish mutation-derived species such as sweet and sour orange. Gulsen and Roose (2001) found similar results in lemons (c. limon) based on isozyme, SSR, and ISSR data. Molecular markers are powerful tools for elucidating genetic diversity, determining parentage, and revealing phylogenetic relationships among various citrus species. However, accessions arising from spontaneous mutation are often difficult to distinguish as discussed by Barkley et al. (2006) . In the present study, we distinguished some grapefruit accessions with ISSR markers. So this marker system might be useful to detect cultivars obtained by mutation. Similar results were obtained in lemons derived from clonal selections and in four of 12 lemon accessions distinguished using ISSR markers (Uzun et al. 2009b) . Based on our results, it can be concluded that variations in the agronomical characters are mainly due to mutations in grapefruits.
